Crystals of human oxyhaemoglobin were obtained from poly (ethylene glycol) 
Crystals of human oxyhaemoglobin were obtained from poly(ethylene glycol) solutions. Spectroscopic and spectrophotometric measurements on the solutions during crystallization and on the dissolved crystals indicate that the method yields stable crystals of oxyhaemoglobin. Preliminary X-ray studies showed that the crystals obtained are isomorphous with those of deoxyhaemoglobin obtained from poly(ethylene glycol) solutions J. Mol. Biol. 98, [161] [162] [163] [164] [165] [166] [167] [168] [169] [170] [171] [172] [173] [174] [175] [176] [177] .
It has been argued that lattice forces and properties of the solvent may to some extent influence the molecular structure of proteins in the crystalline state. Ward et al. (1975) have described the structure of human deoxyhaemoglobin A crystals grown from poly(ethylene glycol) solutions. Their results indicate that the solvent used causes structural changes near the C-terminus of the fl1-chain and in the vicinity of the haem groups, as compared with the refined structure of human deoxyhaemoglobin (Fermi, 1975) crystallized as described by Perutz (1968) . These changes seem to resemble those that accompany the T-÷R transition and may be due to the rupture of certain salt bridges stabilizing the deoxy (T) structure (Perutz, 1970) , especially the salt bridge linking histidine-146 and aspartate-94 of the f,l-chain. To elucidate the problem further we have undertaken structural studies of human oxyhaemoglobin crystals grown from poly(ethylene glycol) solutions. The first stage of the work, described below, was the preparation of oxyhaemoglobin crystals suitable for X-ray studies.
Materials and Methods Crystallization
Human oxyhaemoglobin was prepared from whole blood obtained from the local blood bank, by the method of Drabkin (1946) , with cells lysed with distilled water. The haemolysate was centrifuged at 50OOg for 45min and dialysed against doubledistilled water for 120h at 4°C. Oxyhaemoglobin was crystallized as described by Ward et al. (1975) . The Table 1 . Toluene was used in half of the crystallization tubes to prevent bacterial infection.
Spectrophotometric measurements of the solutions and of the dissolved crystals were carried out with a Pye-Unicam SP. 1800 spectrophotometer. Spectroscopic studies of the solutions during crystallization were done with a Carl Zeiss Jena optical spectroscope. To exclude the possiblity of deoxygenation caused by bacterial infection we have performed additional microbiological tests.
X-ray studies
Precession and oscillation X-ray photographs were taken by using Cu K, radiation filtered through nickel foil.
Results Crystallization
Crystals grew over a wide range of conditions, but best monocrystals were obtained from tubes where poly(ethylene glycol) composition was 19-20% (v/v) of the stock solution (Table 1 , Plate 1). The crystals liquify when removed with the mother liquid from crystallization tubes. The nature of this phenomenon remains at present unknown. It seems possible that the steric exclusion mechanism of crystallization from poly(ethylene glycol) solutions suggested by Laurent (1963) may play a significant role. Our crystals were therefore strengthened before being sealed in capillary tubes for X-ray studies by immersion in the stock solution of poly(ethylene glycol). A similar method was proposed by Wishner et al. (1975) and used by Fermi & Perutz (1977) in their studies of human fluoromethaemoglobin with inositol hexaphosphate crystals, which tended to dissolve when exposed to the X-ray beam. Spectroscopic studies of the solutions during the crystallization period (2-4 weeks) indicated full oxygenation: there were two absorption bands, at 542 and 578nm.
Spectrophotometric studies of the mother solutions of the crystals did not reveal the presence of methaemoglobin in significant amounts. Some crystals were dissolved and examnined spectroscopically 2 months after crystallization was started. The results indicated that the crystals kept in their mother liquid contained less than 3 % of methaemoglobin, whereas the same crystals immersed for an additional 7 days in the stock solution of poly(ethylene glycol) contained less than 5 % of methaemoglobin. Additional studies of the e.s.r. spectra of our crystals (M. Koter, unpublished work) confirmed these results.
Microbiological tests were performed after crystallization had been completed. No bacterial infection was detected in tubes kept at 4°C with toluene. Small amounts of bacteria were found in tubes at 4°C without toluene, but they seemed to have a negligible effect on the process of crystallization. As a control we tested tubes without toluene kept at room temperature (20°C). Large amounts of bacteria were found in those tubes, but crystals appeared in them after 1 week. In spite of their suitable parameters, these crystals were not used in further studies.
X-ray studies
Human oxyhaemoglobin crystallizes from poly-(ethylene glycol) solutions in an orthorhombic system. The crystals exhibit the symmetry of space group P21212 (Plate 2). The lattice constants obtained from oscillation and precession photographs are: a = 96A, b = 98A, c = 66A. There is one tetramer per asymmetric unit. The value of Vm (average crystal volume per unit molecular weight) is 2.39A3/dalton (Matthews, 1968) .
Discussion
The studies by Perutz (1968) and Makinen (1975) indicated that under their experimental conditions during 2 weeks of the crystallization period at least 50% of oxyhaemoglobin had been oxidized to methaemoglobin. The lability of oxyhaemoglobin solutions is one of the reasons why the structure of oxyhaemoglobin is not yet known in detail. The structural data have been derived rather from analogues, such as the oxygen adduct of the 'picketfence ' complex of Collman et al. (1974) . Our results indicate that it is possible to obtain stable oxyhaemoglobin crystals from poly(ethylene glycol) solutions.
The second point of interest arises from the results of the X-ray studies. It has been observed that, for crystals grown from high-ionic-strength solvents, crystals of deoxy-and oxy-haemogobin vary considerably: oxyhaemoglobin crystallizes in the quaternary R structure and forms tetragonal crystals, whereas deoxyhaemnoglobip forms monoclinic crystals belonging to space group P21 (Fermi, 1975) . On the contrary, our crystals exhibit the same spacegroup symmetry as those of deoxyhaemoglobin obtained by Ward et al. (1975) . The cell constants are also similar. We have compared the intensities taken from the precession photographs with the diffraction data for deoxyhaemoglobin, which we have obtained from Dr. J. C. Hanson from Johns Hopkins University, Baltimore, MD, U.S.A., and found thern to be similar.
It must be noted that the crystals of human methaemoglobin with inositol hexaphosphate obtained by Fermi & Perutz (1977) are also iso-1978 morphous with those of deoxyhaemoglobin crystallized from poly(ethylene glycol). These results may indicate that, owing to the rupture of certain salt bridges, the quaternary structures of deoxy-and oxy-haemoglobin in crystals grown from poly(ethylene glycol) solutions are almost identical.
